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Introduction
Lanthanide chemistry has seen widespread use in different fields, such as biochemical studies, 1, 2 therapeutical applications, 3 as well as photonic and electronic materials, 2, 4-6 promoted by attractive photophysical properties: long-lived excited states and narrow band emission. [7] [8] [9] [10] [11] Energy levels within each lanthanide ion are determined according to their 4f n electronic configuration. These energies are predominantly determined by interelectronic repulsion and spin-orbit coupling, with ligand field effects playing a negligible role. Electric dipole transitions between f-f states are parity forbidden and lanthanide complexes have low absorption coefficients (ε < 10 M -1 cm -1 ) and radiative lifetimes on the millisecond time scale.
By introducing an appropriate chromophore (usually referred to as an "antenna") it is possible to increase the complex's absorbance in the visible and UV regions. 8, 12 The antenna effect is an energy conversion process which involves a ligand able to collect the light and an emitting lanthanide ion. Usually such ligands are highly π-conjugated systems, aromatic or hetero-aromatic, with high molar absorption coefficients. Once the ligand singlet-excited state has been reached, it may typically convert to a triplet state by intersystem crossing (facilitated by the presence of the heavy lanthanide ion). The triplet energy level needs to be sufficiently above the emissive lanthanide state for the latter to accept efficiently the energy from the chromophore.
Excitation of the coordinated metal centre is then possible by way of energy transfer from the triplet state of the ligand. The overall efficiency of this photoluminescence process depends on different factors; the absorption coefficient of the ligand, the efficiency of the ligand-to-metal energy transfer and the efficiency of the metal luminescence.
The unique properties of lanthanides have attracted attention within the area of solar energy conversion. The first application in light-concentration devices was in the 1970s, 13, 14 when Weber and Goetzberger included lanthanide-based materials in fluorescent collectors, to trap incoming light through a wide plane surface and transfer it via total internal reflection to Si solar cells at the edge of the collector. Recent studies on such luminescent solar concentrators (LSCs) using lanthanides have focused on extending the absorption wavelength of the compounds 15 in order to take advantage of the inherently low self-absorption and maximise the high geometric gain. 16 Solar energy utilisation may also be enhanced through luminescent down-shifting (LDS), in which the luminescent material absorbs at short wavelength and re-emits at a longer one where the solar cell more strongly absorbs. 17, 18 The use of β-diketonates as ligands can effectively tune the harvesting of light as well as allowing ligand-tometal energy transfer. Excitation at around 300 nm, 19 due to the intense π-π* transition, has made β-diketonates an important class of antenna. 8 Previously, [20] [21] [22] [23] [24] 
Results and discussion
The new series of complexes has the general formula [Ln(hfac) 3 and hfac = hexafluoroacetylacetonate anion ( Figure 1 ). All the molecules have been fully characterised by 1 H-were broadened by the paramagnetism of the lanthanide ions, there were similarities with previous complexes reported using the DPEPO ligand. 23 When the DPEPO is complexed with the lanthanide, a signal shift is observed due to the deshielding effect of the paramagnetic lanthanide ion. The mixed peaks of the phenyl groups are shifted to high frequency and the proton of the hfac group appears in the range 5 -6 ppm ( Fig (Fig S7   † ) ). The general coordination environment of each Gd centre is similar and is described below for Gd(1).
Gd (1) 
Photoluminescence studies of [Gd(hfac) 3 (DPEPO)]
Photoluminescence properties were studied for a series of Gd complexes, comprising the ligands DPEPO, The luminescence spectra of the three Gd complexes are shown in Figure 5 . Spectra were recorded in degassed DCM solution at 77 K. The emission originates from the ligand triplet states because the presence of the heavy Gd atom increases the spin-orbit coupling and the rate of intersystem crossing. This effect is shown by the large spectral shift between excitation and emission. Accordingly, the excitation and emission spectra 
Computational Study of [Eu(hfac) 3 (DPEPO)]
To gain more insight into the nature of the lowest energy triplet state for this family of complexes, a theoretical investigation of [Eu(hfac) 3 (DPEPO)] was carried out at the DFT level. The europium complex is of particular interest because of the high quantum yield of around 80%, measured previously. 25 The DFT methodology has been shown in the literature to be a reliable approach to address this type of problem. 33, 34 First, geometry optimisation of the [Eu(hfac) 3 (DPEPO)] complex in both the lowest-energy singlet and triplet spin states was carried out, without any symmetry constraints ( Figure S8 † ).
Although the crystal structure was obtained for a smaller lanthanide centre (Gd), the optimised structure ground state (Table S2) ). This agreement clearly demonstrates the ability of the methodology to accurately reproduce the structure of europium complexes.
Analysing the geometry of the triplet state is highly informative regarding the localisation of the ligand excitation. Indeed, in the triplet state, the geometry of the DPEPO ligand remains unchanged whereas one hfac ligand is clearly affected (Table S3 ). In particular, the C-C bonds of one hfac ligand are elongated by 0.02 Å with respect to the other two. This corresponds to an occupation of the π* orbital of the hfac ligand, indicating that the excitation is primarily located on it. To further confirm this, TDDFT calculations were also carried out from the ground state geometry in order to obtain the vertical excitation. The lowest excitation computed at the TDDFT level corresponds to a singlet-triplet excitation (with three degenerate triplets, one located on each hfac ligand) involving the HOMO and LUMO (and respective LUMO+1 and LUMO+2) orbitals that are located on the hfac ligands ( Figure 6 ). Interestingly, the LUMO is mainly developed on another hfac ligand (with some residues on the hfac from where the excitation occurs) rather than the one where the HOMO is located. Thus, this triplet state induces population of the π* on one hfac ligand, leading to an increase of the C-C bonds in this ligand. The singlet-triplet gap is computed to be 20950 cm -1 which is in excellent agreement with the phosphorescence spectrum of the [Gd(hfac) 3 
Photoluminescence studies of the emissive Ln centres
For the complexes with Ln = Tb, Yb and Nd, absorption, excitation and emission spectra were recorded at room temperature in DCM solutions and these were compared with our previous results for Eu. The absorption and excitation spectra are shown in Figure 7 Lifetime measurements recorded in DCM solution at 77 K. PLQYs are averages of at least four independent measurements with a relative error of 10%, taken with an integrating sphere.
The total photoluminescence quantum yield was determined for Ln = Tb, Yb, Nd and compared with Ln = Eu which we reported previously (Table 1 ). It is apparent that the complexes Ln = Tb, Yb, Nd each show considerably lower total PLQY than the Eu complex and reasons for this are explored below. In the case of Nd and Yb, the emissive energy levels are low (11300 cm -1 and 10200 cm -1 ) and this clearly enables efficient energy transfer from the excited Ln to high-frequency ligand oscillators such as the C-H bonds present in hfac and DPEPO. The much reduced PLQY for these complexes can readily be attributed to this effect, illustrating that the hfac and DPEPO coordination environment, while providing sufficient protection from high-frequency oscillators to give a high PLQY for Eu, is not sufficiently free of C-H bonds to avoid non-radiative decay in the case of the near-IR emitters Yb and Nd.
Efficient sensitisation of lanthanides requires careful control of the singlet and the triplet excited states.
Europium complexes typically have an emissive state around 578 nm (17300 cm -1 ); the achievement of efficient sensitisation requires the ligand triplet energy level to be at least 2500 cm -1 higher (~19800 cm -1 ) and hence its singlet energy level will be around 24800 cm -1 , if it is assumed to be typically around 5000 cm -1 higher than the triplet level. 47 Accordingly it is difficult to sensitise Eu efficiently with visible light-absorbing ligands while maintaining very high PLQY, however the singlet energy level of the hfac and DPEPO ligands (around 29000 cm -1 ) in [Ln(hfac) 3 (DPEPO)] is significantly higher than this, consistent with the high PLQY when Ln = Eu.
In the case of Tb with a higher-energy emissive state, we would not expect fast vibrational quenching of the Ln emissive state and hence may anticipate a relatively high intrinsic Ln quantum yield. However, the longer radiative lifetime reported for Tb compared with Eu (Table 1 ) will lead to a significantly lower intrinsic luminescence quantum yield of around 25 -50%, despite the fact that the observed luminescence lifetime of Tb is comparable with that of Eu. The total PLQY of the Tb complex however is even lower, which we attribute to poor energy transfer from the hfac triplet state to the Tb, due to the higher excited energy level of
Tb at 20500 cm -1 .
Conclusion
We have prepared a series of lanthanide complexes of formula [Ln(hfac) 3 In the case of Tb however, we observe poor energy transfer due to an insufficiently-high triplet energy of the hfac ligand.
Since details of the structure and the energy transfer process are now described, some improvements on the general molecular structure can be addressed. In particular, extending the light harvesting of the Eu complex to longer wavelength is desirable for luminescence downshifting in solar cell applications. An extensively-conjugated π-electron system could shift the excitation energy to a longer wavelength, possibly without lowering the photoluminescence quantum yield. The DPEPO ligand in particular shows a small gap between the excited singlet and triplet levels and modification of this ligand may lead to better light harvesting while maintaining good energy transfer to Eu provided the triplet DPEPO level remains above that of the hfac.
Further work in this direction is underway. 
Experimental section

Materials
Photoluminescence and lifetime measurements
The emission and excitation spectra of [Ln(hfac) 3 DPEPO)], Ln = Tb, Yb, Nd were measured using an Edinburgh Instruments FS920 spectrometer. Excitation light from a 450 W Xenon lamp was delivered via double monochromators to the sample chamber and emission was detected either by a Peltier cooled R2658P
Hamamatsu photomultiplier or a liquid nitrogen cooled Hamamatsu R5509-72 NIR photomultiplier. The photoluminescence quantum yields were determined by absolute measurement using a Horiba Jobin Yvon integrating sphere. 48 All measurements were performed at room temperature in dichloromethane (DCM, spectroscopic grade from Fisher Scientific). Dilute solutions (absorbance 0.1-0.2 at the excitation wavelength,  exc ) were used for emission measurements. The photoluminescence quantum yields were measured in airequilibrated solutions. Absorption spectra were obtained by a Varian Cary 50 Scan Spectrophotometer in DCM solution. Excited-state lifetime data in the visible were measured using a Fluoromax-P spectrofluorimeter (Horiba-Jobin-Yvon) in DCM (77 K) and fitted to exponential functions using an iterative non-linear least squares algorithm in the 'Solver' facility in Microsoft Excel. The decay times of NIR emission were measured using a cooled InGaAs detector (Hamamatsu G8605-23), with a time-response of 100 ns FWHM, in combination with an Edinburgh Instruments L900 data acquisition and analysis system.
The excitation source was the fourth harmonic (266 nm) of a Q-switched Nd:YAG laser (Continuum Surelite), with pulse width of 10 ns and repetition rate of 10 Hz.
Computational details
Calculations were carried out at the DFT level of theory using the hybrid functional B3PW91. 49, 50 Geometry optimisations were carried out without any symmetry restrictions; the nature of the extrema (minima and transition states) was verified with analytical frequency calculations. All the computations were performed with the Gaussian 03 suite of programs. 51 Europium and Fluorine were represented with a Stuttgart-Dresden pseudo-potential in combination with its adapted basis set. 52, 53 The basis set has been augmented by f function (α = 1.0) for Eu and a set of d functions for F. 54 Carbon, nitrogen, oxygen and hydrogen atoms have been described with all electrons 6-31G(d,p) double-ζ quality basis sets. 55 TDDFT methods were also performed to define the nature of the triplet states.
Crystallographic details
The X-ray crystal structure of [Gd(hfac) 3 
